Light-emitting diode (LED)-based visible light communication (VLC) is a great promising high-speed wireless access solution due to its low power consumption, no electromagnetic interference, large available bandwidth, and no authentication required. However, visible light cannot be used directly as an information source, and must be combined with other communication technologies to avoid becoming an information island. In hybrid power line and visible light communication (HPV) system, power line communication (PLC) can be used to deliver data to VLC transmitters. Multiple users can share the same time and frequency resources to provide higher spectral efficiency using non-orthogonal multiple access (NOMA) method than traditional multiple access method. Therefore, we investigate the power allocation strategy for a downlink of HPV system based on NOMA. Our goal is to maximize achievable sum rate of the HPV system while considering user fairness. To solve this optimization problem, we present an optimal power allocation (OPA) algorithm that finds optimal solution by transforming the non-convexity of the original formulated model into the convex programming. Numerical results show that the proposed OPA algorithm significantly outperforms the gain ratio power allocation (GRPA) and the fixed power allocation (FPA) algorithm in terms of the sum rate, and improves the fairness among users.
I. INTRODUCTION
With the rapid development of Internet of Things, cloud computing and other technologies, traditional wireless communication will gradually fail to meet the increasing bandwidth demand of the market. Compared with traditional radio frequency (RF) communication, visible light communication (VLC) has become a potential high-speed wireless access scheme because of its high transmission power, no electromagnetic interference, security and no need for spectrum authentication [1] . Therefore, VLC becomes a key technology to replace RF [2] . However, visible light cannot be a source of information directly, it is necessary to access the backbone network to avoid being an information isolated island. PLC and Ethernet links can be used as backbone networks. PLC seems a better choice because it can take advantage of the existing infrastructure of each light-emitting The associate editor coordinating the review of this manuscript and approving it for publication was Giovanni Pau . diode (LED) [3] . Furthermore, the PLC network has a high data rate, thus it is sufficient to support indoor data links [4] . Hybrid VLC and PLC channel characteristics were studied in previous work [5] - [8] . Considering the uniformity of illumination, there are usually multiple LEDs in a room, the resulting overlap of their emissions causes the interference of the VLC signals from adjacent LEDs, which, in turn, can severely degrade the performance of the VLC system [5] . In order to utilize overlapping coverage, in [6] , a system model coordinating different LEDs through a PLC network was proposed. In [7] , M. Kashef et al. proposed that the signal-to-interference-plus-noise-ratio (SINR) could be improved by coordinated VLC systems. Hybrid PLC and VLC channel characteristics for a full link transmission were studied in [8] . However, the above works were discussed in the case of orthogonal multiple access (OMA). OMA method can't make the best use of resources [9] .
On the other hand, all users can enjoy the entire time and frequency resources using NOMA method, which can VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ improve spectral efficiency compared to OMA [10] . In [11] and [12] , for the downlink of the VLC system based on NOMA, a fixed power allocation (FPA) scheme and a gain ratio power allocation (GRPA) scheme were proposed, respectively. Both schemes are commonly used for power allocation in NOMA systems. In [13] , Shen et al. considered a typical NOMA scenario with 2-users, but the number of users serving in this scenario is small. Furthermore, the power allocation schemes for the VLC system based on NOMA which contains multiple users were studied in [14] and [15] , but the fairness among users was not taken into account. The sum rate maximization problem of the VLC system based on NOMA constrained by user fairness and unique intensity was studied in [16] . In [17] , Ma et al. proposed an optimal power allocation scheme for mobile users based on inaccurate channel state information (CSI) caused by user mobility. A successive interference cancellation (SIC)-free NOMA technique is considered in the downlink VLC system in [18] . However, the above works only consider the application of NOMA method in VLC systems.
In the real world, we also need to consider fairness among users, if we only consider maximizing the sum rate in the optimization goal, the user rate in the corner of the room is usually not guaranteed. In [19] , a power allocation strategy based on proportional fairness algorithm was proposed, which found the optimal user set through the tree-search algorithm with low complexity, and solved the power problem with the proportional fairness algorithm. Proportional fair power allocation method based on iterative water injection algorithm was proposed in [20] . However, the above works don't weigh the relationship between user fairness and the sum rate. An experimental demonstration of a NOMA-OFDMA scheme for bidirectional VLC transmission was proposed in [21] .
By contrast, in this paper, we introduce NOMA in an HPV system and analyze its sum rate. To ensure the fairness among users, we introduce a proportional fair (PF) scheduling strategy. Motivated by the aforementioned considerations, we propose an OPA algorithm to maximize the s um rate while considering the fairness among users. The contributions of this paper are summarized as follows:
• We consider an HPV system with 4 LEDs for providing indoor coverage. In order to improve spectrum efficiency, we consider using NOMA technology for the first time in HPV systems. Taking into account the channel characteristics of PLC and VLC, we derive the expression of the channel and noise model. And according to the decoding order of NOMA technology, we derive the expression of the user rate that the HPV system can support.
• In order to ensure the fairness of users, this paper introduces the proportional fair (PF) scheduling strategy for the first time in the HPV system. Through theoretical analysis, we find the optimization problem is a non-convex problem; we transformed the original formulated problem into an equivalent convex one, and then find the optimal solution of the problem by using KKT optimal constraints. The paper is organized as follows. In section II, we describe our system model, including channel gain and user rate in NOMA system. The formulation of our power allocation problem and the proposed optimized algorithm are outlined in section III. The simulation results are introduced and analyzed in section IV. Finally, our conclusions are provided in section V.
II. SYSTEM MODEL
We consider the downlink transmission of an HPV system based on NOMA with 4 LEDs serving N U users, as shown in Fig. 1 . Define N P = {1, 2, · · · , N P }, N L = {1, 2, 3, 4} and N U = {1, 2, · · · , N U } as the index sets of all subcarriers, LEDs and users, respectively. In the HPV system, the data is encoded into the PLC, and then converted into an analog signal by A/D conversion. The signal is sent to the power line through the coupler, and then the power line feeds data to all LEDs. Each LED acts as a relay. The LED forwards the received VLC signal, and the VLC signal is received by multiple photo-diode detectors via the VLC channel. The PLC signal is transmitted through different LEDs. We assume that the PLC modem broadcasts N P subcarriers to every LED in the PLC hop, and the k-th LED re-modulates N k of the received PLC signals onto VLC subcarriers in the VLC hop. The subcarrier subsets of 4 LEDs are disjoint, i.e. 4 k=1 N k = N P , as shown in Fig. 2 . For the HPV uplink, both optical and RF uplinks are potential candidates. An optical uplink suffers from problems like energy inefficiency and device glare, and the required LOS link between the device and the fixed uplink receiver can be easily lost due to user mobility and change in device orientation. Thus, an RF uplink is preferred, considering that most places are RF-insensitive. We consider a subcarrier pairing method at each LED that adaptively matches the subcarriers at the PLC and the subcarriers at the VLC. Subcarrier pairing method means the subcarriers in PLC can be paired with the subcarriers in VLC arbitrarily. In all the pairing schemes, we find the pairing scheme that can maximize the objective function of this paper. See the third part of this paper for details.
A. PLC CHANNELS M. Gotz proposed a power line channel model [22] , and the channel gain H p (f ) can be expressed as:
where a 0 and a 1 are constants, g i represents the reflection and transmission factor on path i, −1 ≤ g i ≤1.The delay τ i on path i can be expressed as τ i = l i /v p , where l i and v p are the length of path i and phase speed, respectively. In this paper, in order to improve spectral efficiency, we study the power allocation scheme based on NOMA. The LED combines the signals of N U users on each subcarrier using superposition coding. X p (l) indicates the superposed frequency-domain signal of N U users on subcarrier l, given by
where P l u denotes the power of user u on subcarrier l, X u p (l) denotes the desired frequency-domain signal of user u on subcarrier l. Therefore, at the k-th LED, the received frequency-domain signal Y k,u p (l) at user u on subcarrier l can be expressed as:
where H k,u p (l) and N k,u p (l) are the PLC frequency-domain channel gain and received noise of user u on subcarrier l at the k-th LED, respectively. Besides, N k,u p (l) denotes the additive Gaussian noise with zero mean and variance σ 2 pn,u (l), where
].
B. VLC CHANNELS
Based on the characteristics of VLC channels, the received signals by users generally consist of two components, LOS link and NLOS link [23] . However, only the LOS path gain is considered in this paper because the energy of the diffuse component is much less than that of LOS link according to [24] - [26] . The frequency-domain channel gain H v (f ) between the user and the LED can be expressed as:
where m = −ln2/ ln(cos 1/2 ) denotes the order of Lambertian emission, 1/2 denotes LED's transmitter semiangle at half-power, A PD denotes the area of photo detector, D d denotes the distance between the receiver and the LED, T s (ϕ) denotes the gain of optical filter, ϕ denotes incidence angle of the PD, g(ϕ) = n 2 / sin 2 ϕ c denotes the gain of optical lens, ϕ c denotes field-of-view (FOV) of the PD and n denotes the refractive index. We consider amplify-and-forward (AF) operating mode for the LED relay, and assume that subcarrier l from the PLC link is paired with subcarrier n from the VLC link. The k-th VLC transmitter modulates N k subcarriers. X k v (n) indicates the frequency-domain transmitted signal on subcarrier n at the k-th LED, X k v (n) = βY k,u p (l). The received frequency-domain signal on subcarrier n at user u can be expressed as
where H k,u v (n) and N k,u v (n) are the VLC channel gain and noise for subcarrier n between the k-th LED and user u, respectively. Besides, N k,u v (n) denotes the additive Gaussian noise with zero mean and variance σ 2 vn,u (n), where
]. Therefore, in the HPV system, the overall HPV channel gain on paired subcarriers (l,n) is H k,u hpv (l, n) = βH k,u p (l)H k,u v (n), and the total noise is N k,u hpv (l, n), which denotes the additive Gaussian noise with zero mean and variance σ 2 hpvn,u (l, n),where σ 2 hpvn,u (l, n) = β H k,u v (n) 2 σ 2 pn,u (l) + σ 2 vn,u (n). In the following, we use subcarrier l to represent the paired subcarriers (l, n).
C. NOMAN HPV SYSTEM USER RATE
In NOMA, there are multiple users on the same subcarrier, which will cause inter-user interference. Therefore, successive interference cancellation (SIC) technology should be used at the receiver for multi-user detection [27] . The decoding order of SIC is determined by the channel gain. Users with lower channel gain will have higher priority of decoding. Let π l be the decoding order of the users on subcarrier l. Define π l as a vector function of the channel gain, π l (π l (1), π l (2), · · · , π l (U )). Define π −1 l (u) as the decoding order of user u in π l , more specifically, π l (i) = u if π −1 l (u) = i. Hence, the rate of user u on subcarrier l can be expressed as
[ H k,π n (i) hpv (l, n) 2 P l,n π n (i) ]+σ 2 hpvn,u (l, n)
[ H k,πn(i) hpv (l,n) 2 P l,n πn(i) ]+σ 2 hpvn,u (l,n) depicts the SINR of user u on subcarrier l.
III. PROBLEM FORMULATION AND SOLVING A. PROBLEM FORMULATION
The goal of this paper is to maximize the sum rate while considering the fairness among users. Considering multiple users are served simultaneously in the HPV system, we introduce a proportional fair (PF) scheduling strategy. In the case of a PF scheduling policy, we introduce a weight variable ω u , which represents the priority of user u.
is the average data rate of user u, and can be obtained as
is the data rate of user u at slot t-1, and N res is the response time of the low-pass filter. For example, at the beginning, users with better channel conditions have higher priority. As time goes on, the value of R u avg (t) gradually increases, which makes the value of ω u gradually decrease. However, Users with poor channel conditions have not been scheduled for a long time, its average rate R u avg (t) is lower, which makes the value of ω u increase. Therefore the PF scheduling strategy can achieve proportional fairness. For the convenience of analysis, we omit the time t in formula (7) . We introduce a binary variable x k,u l,n ∈ {0, 1}, l, n ∈ N P , with x k,u l,n = 1 indicating the subcarrier l from the PLC link together with subcarrier n from the VLC link are assigned to user u with the assistance of the k-th LED. We allow subcarrier pair at the LEDs, and the optimization problem can be formulated as max mize
where p = (p 1 , . . . , p U ) T , P l,max is maximum transmitted on subcarrier l. C1 is the total power constraint on subcarrier l. C2 guarantees that each user's power is nonnegativity. C3 guarantees that each paired subcarriers can only be assigned to one LED.
B. OPTIMAL POWER ALLOCATION SCHEMES
Obviously, the objective function is a non-convex function, and constraints C1 and C2 are linear functions. Therefore, the optimization problem in Eq. (8) is a non-convex problem.
Next, we transform the non-convex problem (8) into an equivalent convex one. Theorem 1: the non-convex problem (8) is equivalent to the following convex problem max mize
proof: Please refer to the Appendix. Hence, we can use the dual problem to achieve the optimal solution. The Lagrangian function of the dual optimization problem can be expressed as
where α = (α 1 , . . . , α U ) T , β = (β 1 , . . . , β U ) T , λ = (λ 12 , . . . , λ 1U , . . . , λ (U −1)U ) T , α u ≥ 0,and β u , λ um , γ ≥ 0 are dual variables. From the Karush-Kuhn-Tucker (KKT) conditions, we have
Based on (11), we can obtain
Based on (13), we can obtain
. And according to (12) and (14),we have
Next, we update the dual variables, in each iteration, the new value can be updated according to
where θ (t) is a dynamically chosen stepsize sequence and can be found in [28] . In each iteration t, after update the dual variables, we update ω u according to rate update in Eq. (7) .
C. COMPLEXITY ANALYSIS
For the proposed optimal power allocation (OPA) algorithm in the above section, in each iteration the major complexity lies in the computation of υ(t) with complexity O(M 2 log 2 (1/ε)) where O(log 2 (1/ε)) is the complexity of using bisection method to compute the inverse function f −1 (·) for accuracy ε. According to [28, p. 397] , the dual method with proper choice of stepsize θ (t) in (20) 
IV. SIMULATION RESULTS
In this section, we evaluate the performance of the HPV system. We consider a 5m×5m×3m room with 4 VLC APs. The noise power spectral density is 10 −24 W/Hz. l i denotes the length of the power line connecting the PLC modem and the i-th LED, l 1 = 7m, l 2 = 8m, l 3 = 9m, and l 4 = 10m.
The main simulation parameters in the HVP system are given in Table 1 . In this paper, in order to reduce the complexity of solving the proposed OPA algorithm, we don't consider illumination constraint. In order to verify the illumination in the room meet the needs of indoor lighting, we simulate the receive plane illumination. The receiving plane illumination is shown in Fig. 3 . In the figure, the illumination range is 352.1 1x to 1017.38 lx. According to the ISO standard, the range of illumination needs to be 300 lx∼1500 lx. Therefore, the layout and parameters set in this paper can meet the needs of indoor lighting, and then, we could optimize the power distribution scheme. Fig. 4 shows the sum rate can be obtained with 4 different algorithms versus different number of users. From this figure, we can analyze in two aspects. Firstly, the proposed OPA algorithm is compared with the GRPA algorithm and the FPA algorithm with power allocation factors α FPA = 0.3 and α FPA = 0.4, the above all three algorithms use NOMA modulation technology. It can be seen that as the user number increases, the sum rate of the three power allocation algorithms will increase, because as the number of users increases, frequency resources could be better used. We can see that the proposed OPA algorithm outperforms the GRPA algorithm and the FPA algorithm significantly. Furthermore, for any number of users, the proposed OPA algorithm always has the highest sum rate among the three power allocation algorithms. Then, we consider using NOMA modulation technology in the HPV system for the first time in this paper. In [5] , a hybrid power line and visible light communication system was proposed, but only OFDM modulation technology was considered in this paper. Comparing the proposed OPA algorithm with Lagrangian algorithm using OFDM modulation technology, both algorithms are based on the Lagrangian dual method, we find a higher rate could be achieved using NOMA modulation technology compared to OFDM modulation technology, because all users can enjoy the entire time and frequency resources by using NOMA modulation technology. Therefore, the sum rate performance could be optimized by using NOMA modulation in the HPV system.
In our proposed OPA algorithm, we set ω u to 1 when we don't consider fairness among users, i.e., NOMA without PF. We consider N U = 5 users. Fig. 5 shows the rate of each user with and without PF. We can see from the figure that the variance of user is smaller when we consider fairness among users, i.e., NOMA with PF. The sum rates of proposed OPA algorithm with and without PF are 283 Mbps and 291 Mbps, respectively. PF results in slightly lower achievable sum rate,but it improves the fairness among users.
The fairness of the system is given by In Fig.6 , we study the fairness of the HPV system versus different number of users. If we only consider modulation techniques, i.e. comparing NOMA without PF and OFDM without PF, it can be seen from the figure that NOMA can enhance the system fairness. If we only consider the impact of the PF scheduling strategy, we can compare NOMA with PF and NOMA without PF, it can be seen from the figure that PF scheduling strategy can enhance the system fairness. Therefore, using the PF scheduling strategy and NOMA modulation technology can improve the user fairness in the HPV system. Fig. 7 shows the Bit Error Rate (BER) of the HVP system versus SNR using different algorithms. We can see from the figure that the proposed OPA algorithm in this paper outperforms the GRPA algorithm and the FPA algorithm significantly in terms of BER performance. For 9 dB SNR, compared with the GPRA algorithm, FPA(α = 0.3) algorithm and FPA(α = 0.4) algorithm, the BER improvement is calculated as 53.85%, 62.5% and 70% for the OPA algorithm proposed in this paper, respectively.
V. CONCLUSION
In this paper, we have studied power allocation strategy based on NOMA scheme in HPV systems for the downlinks. The goal of this paper is to maximize the sum rate, while considering the fairness among users. We adopt a proportional fair scheduling scheme and introduce a weighting variable ω u to ensure fairness among users. In the power allocation problem, we propose a new algorithm to find the optimal solution. The simulation results show that the proposed OPA algorithm can maximize the sum rate compared to the GPRA and FPA algorithms, while considering the fairness among users. As future work, we look forward to setup the experimental HPV system and implement the power allocation when the required equipment and VLC systems are available.
APPENDIX
We prove that problem (8) is equivalent to problem (9) . Introducing auxiliary variables ξ u , problem (8) can be equivalent to max mize
( H k,π n (i) hpv (l, n) 2 P l,n π n (i) )+σ 2 hpvn,u (l, n) C2 : P l,n u ≥ 0, ∀u ∈ N U , C3:
where ζ = (ζ 1 , ζ 2 , . . . , ζ U ). We definite P l,n u = ln(µ u ), ζ u = ln(υ u ), ( H k,π n (i) hpv (l, n) 2 P l,n π n (i) ) + σ 2 hpvn,u (l, n)
,
which is equivalent to
ln(υ u − µ u + u l ) ≤ 1. (26) Denote x u = υ u − µ u + a u , y ul = υ u − µ u + u l for u = 1, . . . , U − 1, l = π −1 n (u) + 1, . . . , U . Therefore, (26) can be simplied as C1 in problem (9) .
Then, we prove that the objective function of problem (9) is convex. 
Based on (27) and (28), we can conclude that the objective function of problem (9) is convex. 
